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Introduction 
Oxidative stress has been implicated in numerous bio-
logical processes and diseases, including cancer, tumor 
promotion, arthritis, heart disease, aging, and pro-
grammed cell death in both plants and animals [1-4]. 
Thus, aerobic organisms need to mitigate the deleterious 
reactive oxygen species (ROS) that are generated during 
the normal course of aerobic metabolism to avoid oxida-
tive damage. We are interested in oxidative stress and 
apoptosis, and the identification of genes that modulate 
these processes. Reactive oxygen species, including the 
superoxide anion (O2•–), hydrogen peroxide (H2O2), and 
the hydroxyl radical (OH•), are noted for their high re-
activity and resultant damage to proteins, lipid mem-
branes, and DNA [5]. When animal cells are exposed to 
these types of reactive oxygen species, cell death results 
with apoptotic morphology or necrotic characteristics, 
depending on the extent of the damage and duration 
of the stimulus. For example, oxidative stress induction 
can be chemically induced by menadione, an intracellu-
lar generator of O2•–, and often such treatment results in 
a dose-dependent apoptotic cell death [6].
When considering experimental systems for evalu-
ating ROS-mediated toxicities, the yeast Saccharomyces 
cerevisiae is an excellent organism to study the regulation 
of heterologous gene expression in response to oxidative 
stress [7,8]. S. cerevisiae is sensitive both to H2O2 and to 
superoxide-generating agents [9–11]. Yeast deletion mu-
tants of antioxidant genes such as catalase, superoxide 
dismutase, and cytochrome c peroxidase result in strains 
hypersensitive to lethal effects of oxidative stresses rela-
tive to isogenic wild-type cells [1,5,12]. Growth under 
anaerobic condition does not exhibit such sensitivity to 
these mutants. Ectopic expression of the yeast Cu, Zn-
superoxide dismutase gene restores wild-type tolerance 
[13].
Yeasts have recently been used to study apopto-
sis, and a number of reports have provided evidence 
that S. cerevisiae (and fission yeast Schizosaccharomyces 
pombe) display several of the hallmark features associ-
ated with apoptosis, including chromatin condensation, 
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Abstract
Selected antiapoptotic genes were expressed in baker’s yeast (Saccharomyces cerevisiae) to evaluate cytoprotective effects during ox-
idative stress. When exposed to treatments resulting in the generation of reactive oxygen species (ROS), including H2O2, menadi-
one, or heat shock, wild-type yeast died and exhibited apoptotic-like characteristics, consistent with previous studies. Yeast strains 
were generated expressing nematode ced-9, human bcl-2, or chicken bcl-xl genes. These transformants tolerated a range of oxida-
tive stresses, did not display features associated with apoptosis, and remained viable under conditions that were lethal to wild-
type yeast. Yeast strains expressing a mutant antiapoptotic gene (bcl-2 Δ 5-6), known to be nonfunctional in mammalian cells, 
were unable to tolerate any of the ROS-generating insults. These data are the first report showing CED-9 has cytoprotective effects 
against oxidative stress, and add CED-9 to the list of Bcl-2 protein family members that modulate ROS-mediated programmed cell 
death. In addition, these data indicate that Bcl-2 family members protect wild-type yeast from physiological stresses. Taken to-
gether, these data support the concept of the broad evolutionary conservation and functional similarity of the apoptotic processes 
in eukaryotic organisms. 
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DNA fragmentation, and external membrane exposure 
of phosphatidylserine [7,14]. Upon examination of the 
completed genomic sequence of S. cerevisiae, yeast have 
no apparent homologues of major apoptotic regulators 
(e.g., Bax/Bcl-2 family, caspases, Apaf-1/CED-4, etc.) 
described in metazoan organisms. Therefore, yeasts 
may be considered a genetically null background sys-
tem to study interactions between heterologously ex-
pressed components of apoptotic pathways [15]. Ex-
pression of various apoptotic inducers, including Bax, 
caspases, p53, or CED-4/Apaf-1 results in death of S. 
cerevisiae [16–21]. Co-expression of Bax with Bcl-2 or 
Bcl-xL inhibits yeast cell death, as observed in animal 
cells [16,17,22,23]. In particular, the lethal phenotype of 
Bax-expressing yeast has been exploited for structure/
function studies, as well as gene-discovery efforts by 
screening for animal genes that suppress Bax-induced 
lethality [24,25]. 
Following treatment with H2O2 or depletion of glu-
tathione, yeast exhibits apoptotic-like features prior to 
death [7]. Yeast cells can also be induced to die in an 
apoptotic-like manner by expression of Bax or treatment 
with cycloheximide, implying that yeast cell death is 
an active process, as it is in a number of cases in mam-
malian cells. In addition, aging in yeast also appears to 
be associated with apoptosis [26], and Bcl-2 can extend 
the life span of wild-type yeast and delay death in yeast 
mutants lacking superoxide dismutase [12]. A common 
theme through many of these studies is the accumula-
tion of ROS. In this report we examine the phenotypical 
consequences of CED-9, Bcl-2, and Bcl-xL expression in 
yeast when various oxidative stresses (H2O2, menadi-
one, heat) were imposed under conditions that resulted 
in lethality to wild-type strains. In particular, we were 
interested in determining whether or not CED-9, a mem-
ber of the Bcl-2 antiapoptotic family, inhibits necrotic 
and/or apoptotic-like cell death induced by different 
forms of oxidative stress, because Bcl-2 and Bcl-xL have 
been shown to be effective in mammalian cells in sup-
pressing the toxic effects of ROS. 
Materials and Methods 
Yeast strains, media, and transformations 
The S. cerevisiae strain EGY48 (MATa, ura3, his3, trp1, 
lexA0p, [x6]-LEU2) was obtained from Clonetech (Palo 
Alto, CA, USA), and the growth, transformation, and 
expression of genes was performed essentially as de-
scribed [27]. The EGY48 cells were grown in YPD me-
dium containing 1 % yeast extract, 2% Difco peptone, 
and 2% glucose. Plasmid DNA transformations were 
done by the LiCl method [28]; cells were grown in syn-
thetic dropout (SD) medium with 2% glucose lacking 
histidine (SD/glu/—his) as necessary to select for the 
presence of plasmids. 
Plasmid constructs 
The cDNAs encoding human bcl-2 (obtained from S. 
Korsmeyer, Dana-Farber Cancer Institute, Bos-
ton [29]), chicken bcl-xl (obtained from C. Thompson, 
University of Chicago [30]) and C. elegans ced-9 (ob-
tained from R. Horvitz, Massachusetts Institute of 
Technology, Cambridge [31]) were initially cloned 
between the Eco RI and Xho I restriction endonucle-
ase cut sites in the yeast expression plasmid, pEG202 
[32], which carries the S. cerevisiae HIS3 gene as a se-
lectable marker. The following primers were used for 
Bcl-2: 5’-GGTGAATTCATGGCGCACGCTGGGAGA-
ACA-3’ (forward) and 5’-CCTCTCGAGTCACTT-
GTGGCCCAGATAGGC-3’ (reverse); for Bcl-xL: 5’-
GGTGAATTCATGTCTCAGAGCAACCGGGAG-3’ 
(forward) and 5’-CCTCTCGAGTCATTTCCGACT-
GAAGAGTGA-3’ (reverse); for CED-9: 5’-GGT-
G A A T T C A T G A C A C G C T G C A C G G C G G A C - 3 ’ 
(forward) and 5’-CCTCTCGAGTTACTTCAAGCTGAA-
CATCAT-3’ (reverse). pEG202/Bcl-2 Δ5–6, a deletion 
mutant not effective in apoptosis mitigation [33], was 
provided by J. C. Reed (Bumham Institute, CA) and 
transformed into the EGY48 cells. 
Stress treatments and viability assays 
EGY48 cells harboring the constructs pEG202, 
pEG202-CED-9, pEG202-Bcl-2, pEG202-Bcl-xL, and 
pEG202-Bcl-2 Δ5–6 were grown overnight in SD me-
dia containing 2% galactose, 1 % raffinose (SD/gal-
raff/–his) as the carbon source. Early log phase yeast 
cultures (A600 = 0.5) were diluted to a density of A600 
= 0.05 with SD/gal-raff/—his and treated in one of 
the following ways. For chemical stress, H2O2, mena-
dione, and verapamil were added at different concen-
trations and incubated at 30°C with vigorous shaking 
for 6 h. For heat stress, yeast cells were incubated at 
37°C for 30 min with vigorous shaking, transferred to 
a water bath at 50°C for 5 to 30 min, then incubated 
at 30°C with vigorous shaking for 6 h. Following these 
treatments, viability was determined by one or more of 
the following methods: staining with Evans blue [34] 
or plate counting of colony forming units (CFUs). For 
Evans blue staining, aliquots of cells were removed at 
regular intervals up to 6 h and a portion of the sam-
ple was incubated with 0.05% Evans blue for 15 min at 
room temperature, and washed with phosphate-buff-
ered saline (PBS). Both the stained and unstained cells 
were observed microscopically (Zeiss Axioskop, Thorn-
wood, NY, USA). For plate counting, 20 μl of cells were 
sampled at regular intervals up to 6 h and spread onto 
YPD medium with 2% agar, then incubated at 30°C for 
48 h. The numbers of CFUs were compared between 
treated and untreated cells. All experiments were re-
peated at least in triplicate. 
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Terminal deoxynucleotidyl transferase-mediated dUTP nick 
end labeling (TUNEL) 
Treated and untreated cells were fixed with 3.7% 
fresh formaldehyde, digested with lyticase (5 units/μl 
for 30 min at 37°C), then electrostatically bound to a 
glass slide (Fisherbrand Superfrost Plus, Pittsburgh, 
PA, USA). The slides were rinsed with PBS, incubated 
in permeabilization solution (0.1 % Triton X-100, 0.1% 
sodium citrate) for 2 min on ice, rinsed twice with PBS, 
incubated with 10 μl terminal deoxynucleotidyl trans-
ferase-mediated dUTP nick end labeling (TUNEL) reac-
tion mixture (200 U/ml terminal deoxynuleotidyl trans-
ferase, 1 mM FITC-labeled dUTP, 25 mM Tris/HCl, 200 
mM sodium cacodylate, 5 mM cobalt chloride; “In Situ 
Cell Death Detection Kit, Fluorscein,” Roche Diagnos-
tics Co., Indianapolis, IN, USA) for 60 min at 37°C, and 
rinsed three times with PBS. The slides were then in-
cubated with 1 μg/ml diaminophenylindole (DAPI) in 
PBS for 10 min at room temperature, rinsed twice with 
PBS, and analyzed by epifluorescence microscopy (Zeiss 
Axioskop) using a Ph3 Plan-Apopchromat 100×/1.4 oil 
emersion lens, and images were captured with a color 
imaging system with basic resolution of 1300 × 1030 pix-
els and digital imaging software (AxioCam HR, Thorn-
wood, NY, USA). 
Annexin V staining 
To examine phosphatidylserine externalization, FITC-
coupled annexin V (Annexin V FITC Apoptosis Detec-
tion Kit; Oncogene Research Products, Boston, MA, 
USA) was reacted with yeast cells prepared essentially 
as described by Madeo et al. [24]. H2O2 treatments were 
identical to those described above. 
Flow cytometric studies 
Cultures of untreated, logarithmically growing cells 
in SD/gal-raff/—his at a density of A600 = 0.05 were 
treated briefly with sonication to disrupt aggregates, 
then processed for detection of ROS production. In-
tracellular ROS production was measured by staining 
with the dye 2’7’-dichlorohydrofluoroscein diacetate 
(DCFH-DA, Molecular Probes, Eugene, OR, USA). 
Data were collected by measuring aliquots of cells re-
moved at selected intervals up to 6 h and a portion of 
the sample was incubated with 50 μM final concen-
tration of DCFH-DA for 20 min at room temperature, 
and both stained and unstained cells were read with a 
FACScan fluorescence activated cell scanner using the 
data acquisition program CELLQuest (Becton Dick-
inson, CA, USA). Fifty thousand cells were read per 
sample. 
Results 
Transgene expression in yeast 
Yeast transformed with pEG202-empty vector or 
strains expressing animal genes were morphologically 
indistinguishable and the growth rates, based on dou-
bling times determined spectrophotometrically, were 
also equivalent (4.7 ± 0.3 h). To evaluate transgene ex-
pression, three colonies of each yeast genotype were se-
lected randomly and analyzed for levels of CED-9, Bcl-2, 
Bcl-2 Δ5-6, and Bcl-xL proteins using Western immu-
noblot assays. The expression levels of three colonies of 
CED-9, Bcl-2, Bcl-2 Δ5-6, and Bcl-xL, were similar (data 
not shown). No signal was observed when pEG202 
empty vector proteins were probed with any of the an-
tiapoptotic antibodies. Thus, S. cerevisiae cells expressed 
the transferred genes at comparable levels and did not 
have any discernable physiological costs associated with 
such expression. 
Expression of CED-9, Bcl-2, and Bcl-xL confers resistance to 
cell death induced by oxidative stress 
To determine whether selected antiapoptotic proteins 
could protect cells from death associated with oxida-
tive stress, CED-9, Bcl-2, and Bcl-xL were expressed in 
the yeast strain EGY48, as described. Cells were grown 
in SD/gal-raff/—his medium and were exposed to in-
creasing concentrations of H2O2 and menadione (Figure 
1). Aliquots of cells were removed at 2 h intervals up to 
6 h and viability was determined by staining with Evans 
blue, as well as plate counting. 
Expression of the pEG202-CED-9, pEG202-Bcl-2, and 
pEG202-Bcl-xL significantly enhanced the viability of 
EGY48 cells exposed to 3 mM H2O2 (Figure 1A) and 3 
mM menadione for 6h (Figure 1B). Following treatment 
of 3 mM H2O2, 63% of the pEG202-CED-9, 66% of the 
pEG202-Bcl-xL, and 61% of the pEG202-Bcl-2 cells re-
mained viable, as compared to 24% of the pEG202 con-
trol cells. Importantly, when yeast harboring the Bcl-2 
mutant (Bcl-2 Δ5-6), which is nonfunctional in mam-
malian cells [33], viability was similar to the control 
yeast strain (21%) following menadione treatment; as 
compared to greater than 60% viability for strains ex-
pressing antiapoptotic genes. Expression of the pEG202-
CED-9, pEG202-Bcl-2, and pEG202-Bcl-xL genes also 
resulted in comparable, but reduced levels of resistance 
to 5 mM H2O2, and 5 mM menadione (Figure 1). Again, 
expression of the antiapoptotic mutant gene did not 
confer increased tolerance to these stresses, resulting in 
levels of viability similar to controls (15% for H2O2, 14% 
for menadione). These differences are not attributable to 
differences in protein levels, as Western immunoblot-
ting analyses showed similar amounts of transgene ex-
pression. When higher levels (10 mM of H2O2 or mena-
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dione) were used, viability in all yeast cells, including 
transformed strains, was considerably reduced and 
decreased nearly to zero when concentrations were in-
creased to 100 mM. 
To further establish that transformed yeast strains 
tolerated these oxidative stresses via specific apop-
totic-like responses, cells were treated with verapamil, 
a calcium channel blocker not associated with PCD, but 
known to be lethal to eukaryotic cells [35]. Control cells 
and all transformants had similar, low levels of viabil-
ity following 2 h treatment with 5 mM verapamil. Anti-
apoptotic expressing and control cells showed identical 
phenotypes when treated with different concentrations 
of verapamil (Table 1). The viability of yeast cells was 
unaffected at 1 mM verapamil, and decreased slightly 
when exposed to 3 mM verapamil for 2 h. Five milli-
molar verapamil treatment decreased viability to about 
50%, and at 10 mM viability was reduced to nearly zero 
for all cells. Thus, all cells were equally susceptible to 
verapamil, whereas, the transgenic yeast were differen-
tially susceptible to the ROS mediators. 
CED-9, Bcl-2, and Bcl-xL inhibit cell death induced by heat 
stress 
Because oxidative stress and antioxidant enzymes 
play a major role in heat-induced cell death in yeast [36], 
we were interested in evaluating transgenic yeast viabil-
ity following heat stress. Yeast cells expressing CED-9, 
Table 1. Percent Viability of Yeast Cells Treated with 
Verapamil 
Yeast Strain  1 mM  3 mM  5 mM  10 mM 
pEG202-empty vector  96 ± 2  87 ± 1  50 ± 3  5 ± 1 
CED-9  96 ± 2  86 ± 2  50 ± 2  5 ± 2 
Bcl-2  96 ± 2  88 ± 2  50 ± 2  5 ± 2 
Bcl-xL  95 ± 2  87 ± 2  50 ± 3  5 ± 2 
Bcl-2 Δ5-6  95 ± 1  86 ± 2  49 ± 2  5 ± 1 
Yeast cells were treated with verapamil for 2 h and processed for vi-
ability analysis, as described in Materials and Methods. Viability was 
determined using the fraction of Evan’s blue staining cells relative to 
the total number of cells. The values represent the means and standard 
deviations of three independent experiments. 
Figure 1. Viability analysis of yeast challenged with ROS-mediating hydrogen peroxide or menadione. Treated cells were pro-
cessed as described in Materials and Methods. Percent viability was determined by counting total and Evan’s blue staining cells 
as viewed in a microscopic field of at least 100 cells, then dividing the number of Evan’s blue cells by the total. The values repre-
sent the mean of three experiments with (A) hydrogen peroxide- or (B) menadione-treated cells; error bars represent the standard 
deviation. Viability with no treatment was set at 100%. Bcl-2 delta refers to the pEG202 Bcl-2 Δ5-6. 
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Bcl-2, or Bcl-xL were exposed to lethal (50°C) heat stress 
(5 to 30 min) following a pretreatment at 37°C for 30 
min. Without pretreatment, direct incubation of either 
antiapoptotic expressing or control cells at 50°C was le-
thal. As with ROS treatments, viability of transformed 
yeast strains was between 54 and 60%; whereas control 
cells were 18% and cells expressing Bcl-2 Δ5-6 were 
16%, following 30 min treatments at 50°C (Figure 2A). 
As expected, viability was temperature and time de-
pendent. However, additional heat treatment of cells 
resulted in sustained viability of yeast expressing CED-
9, Bcl-2, or  Bcl-xL, whereas the viability of control cells 
dramatically decreased (Figure 2B). 
Effects of CED-9, Bcl-2, and Bcl-xL on the generation of ROS 
during heat stress 
 To assess the formation of reactive oxygen metabo-
lites during cell death, intracellular ROS levels were 
measured using a cell-permeant oxidant-sensitive fluo-
rescent probe, DCFH-DA. Reactive oxygen species  (such 
as H2O2, HO•, HOO• ONOO•, or O2•—) in cells cause 
oxidation of DCFH-DA yielding the green fluorescent 
Figure 2. Viability analysis of yeast challenged with heat stress. Heat-treated cells were processed as described in Materials 
and Methods. Panel A represents cells with no pretreatment (black bars) or pretreated at 37°C for 30 min, then stressed with 50°C 
for 30 min (gray bars). Panel B represents cells that, after a pretreatment, were heat stressed for varying periods, then counted af-
ter 6 h of treatment. Percent viability was determined by counting total and Evan’s blue staining cells as viewed in a microscopic 
field of at least 300 cells, then dividing the number of Evan’s blue cells by the total. The values represent the mean of 5 samples 
and the error bars represent the standard deviations. Viability with no heat stress was set at 100%. Bcl-2 delta refers to the pEG202 
Bcl-2 Δ5-6. 
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product 2’,7’-dichlorofluorescein (DCF) [37]. The levels 
of ROS in heat-stressed cells, relative to the nonstressed 
controls, had higher DCF fluorescence values for all cell 
types tested (Fig. 3). The basal level of  DCF activation in 
nonstressed cells was slightly variable between experi-
ments, but the heat-treated cells consistently resulted in 
enhanced ROS levels, as measured with  DCF. 
CED-9, Bcl-2, and Bcl-xL inhibit apoptotic-like death of yeast 
induced by oxidative stress  
Oxidative damage can result in cell death by either 
apoptosis or necrosis, depending on the degree of am-
age. To determine whether CED-9, Bcl-2, or Bcl-xL  in-
hibit either necrotic or apoptotic cell death in yeast cells, 
stress-induced cells were examined for nuclear markers 
of apoptosis. DNA fragmentation was assayed using 
the TUNEL reaction [38]; chromatin condensation was 
visualized by fluorescence microscopy following DAPI 
staining (Figure 4 and Table 2).
Relatively low concentrations of H2O2 or menadi-
one resulted in a TUNEL-positive phenotype, which 
was not evident at higher concentrations even though 
death occurred in both instances (Table 2). Eight hour 
incubations with either 3 mM H707 or 3 mM menadi-
one  produced a strong TUNEL-positive reaction in ap-
proximately 70% of the pEG202 Δ5-6-expressing cells, 
indicating DNA fragmentation, but 20-30% of the CED-
9-, Bcl-2-, or Bcl-xL-expressing cells were TUNEL posi-
tive. Evans blue staining of these cells as an  indicator of 
membrane damage and death was consistent  with these 
observations. Cell death induced by oxidative stress ex-
hibited chromatin condensation in pEG202 and yeast 
expressing Bcl-2 Δ5-6. Both strains also showed the ap-
pearance of large bodies that reacted positively to the 
TUNEL label and the DAPI stain (Fig. 4A). The presence 
of distinct, well-separated apopototic bodies, indica-
tive of relatively late stages of apoptosis, were also ob-
served and resolved from the background staining with 
contrast enhancement of the digital image (Figure 4B). 
Thus, there was a good correlation between the inhibi-
tion of yeast death and with the expression of mamma-
lian antiapoptotic genes. Analysis of DNA from treated 
cells by agarose gel electrophoresis did not show DNA 
laddering (data not shown), which is often observed in 
apoptotic cell death of higher eukaryotes. DNA ladder-
ing, however, is not requisite for programmed cell death 
[39],and has not been reported in yeast programmed cell 
death.
Table 2. Percent TUNEL Positive Nuclei of Treated Yeast 
                                                           Hydrogen 
                                                            peroxide                  Menadione 
 Yeast strain  3 mM  5 mM  3 mM  5 mM 
CED-9  31 ± 4  6 ± 2  30 ± 4  8 ± 5
Bcl.2  21 ± 4  6 ± 1  26 ± 4  7 ± 3 
Bcl-2 Δ5-6  67 ± 6  9 ± 2  68 ± 5  12 ± 5 
Bcl-xL  30 ± 5  7 ± 3  27 ± 4  9 ± 5 
pEG202 empty vector  70  ± 3  8  ± 4  68  ± 5  9  ± 5
Yeast cells were treated with either hydrogen peroxide or menadione 
at the indicated concentrations for 8 h, then processed for evaluating 
DNA degradation. The number of cells resulting in TUNEL positive 
nuclei was determined by double staining of cells with 10 μM of DAPI 
to estimate the total number of nuclei, and TUNEL staining follow-
ing the manufacturer’s recommendation (see Materials and Methods). 
Greater than 300 cells per treatment were counted per experiment. The 
values represent the mean of three experiments and the errors repre-
sent the standard deviation. 
Figure 3. Fluorescence activated flow cytometric determination of intracellular ROS measure by activation of 2’7’-dichlorohydro-
fluoroscein diacetate (H2DCFH-DA). Yeast cells were transformed EGY48 to express Bcl-2 (B), Bcl-xL (C), CED-9 (D), with pEG202 
as an empty vector control (A), were grown for 24 h to approximately A600 = 0.5 in SD/gal-raff/—his medium. The cells were 
diluted to A600 = 0.1. The culture was split where half was maintained at 30°C (gray line, left shifted), the other half was pretreated 
at 37°C for 30 min, then heat stressed at 50°C for 30 min (black line, right shifted). Both sets of cells were subsequently incubated 
at 30°C for 6 h, then treated with DCFH-DA at 50 μM final concentration for 20 min at 25°C. Relative fluorescence units were set 
by gating to eliminate autofluorescence from non-DCFH-DA-treated cells, then 50,000 cells of each sample were analyzed with a 
Becton-Dickinson FACS Scan, argon laser with excitation at 488 nm. The histograms shown are representative of five independent 
experiments. 
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To more precisely characterize the apoptotic pheno-
type, localization of phosphatidylserine (PS) was per-
formed. Staining of cells with FITC-conjugated annexin 
V reveals externalization from the inner to the outer 
membrane, a biochemical marker for apoptosis. In ne-
crotic cells, annexin V can enter the dying cells and bind 
Figure 4. Microscopic analysis of markers for apoptosis in hydrogen peroxide treated yeast. Hydrogen peroxide treated cells were 
processed for microscopic analyses as described in Materials and Methods. The cells were treated with 3 mM H2O2 for 6 h, fixed 
with formaldehyde and the cell walls were digested with lyticase, then reacted with the TUNEL reagents and counter-stained 
with DAPI (A). An example of the structural changes associated with dying cells is shown in (B), where one cell (white box high-
lighted in the Bcl-2 Δ5-6 sample) was enlarged 10-fold, then imaging enhancement was applied by adjusting the contrast levels 
to resolve the strongly staining DNA structures. Cell surface exposure of phosphatidylserine is shown in (C). Annexin V binding 
assay is shown in panels a-c; propidium iodide staining is shown in panels d-f. 
1322 Ch e n,  Du n i g a n,  & Di C k m a n i n Fr e e ra d i c a l Bi o l o g y & Me d i c i n e  34 (2003) 
to PS exposed on the inner leaflet of the cell membrane. 
To distinguish apoptotic from necrotic death, yeast cells 
were simultaneously stained with propidium iodide 
(PI), a DNA stain that is not cell permeable. The apop-
totic cells label annexin V positive, PI negative, and 
necrotic cell label positive for both stains. As shown in 
Figure 4C, 3 mM H2O2 induced apoptosis; 5 mM H2O2 
induced necrosis. 
Taken together, it appears the control yeast cells were 
dying in an apoptotic-like manner with 3 mM of the 
reagents, consistent with previous reports [7]. Increas-
ing the H2O2 or menadione concentrations to 5 mM or 
greater did not increase the percentage of TUNEL react-
ing cells, in fact, the TUNEL positive cells decreased in 
number and staining intensity as the concentration of 
stressors increased (Table 2), although more cells were 
Evans blue positive, suggesting that these cells were 
likely dying by necrosis. Cells incubated in the absence 
of H2O2 and menadione were negative for the TUNEL 
reaction. Cells incubated with verapamil from 1 to 10 
mM, or treated with 50°C heat stress from 5 to 30 min 
(no pretreatment) also did not stain for TUNEL (data 
not shown), indicating that these stresses resulted in a 
necrotic-type death. 
Discussion 
The yeast S. cerevisiae has been shown to be a useful 
model for apoptosis research [14,25]. While not all of the 
defining features of metazoan PCD have been observed 
in yeast, it has become evident that PCD occurs, exhibit-
ing at least some of these features. In this report, we de-
scribe the results of imposing various oxidative stressors 
to wild-type and yeast-expressing antiapoptotic genes. 
In wild-type yeast, a number of processes associated 
with apoptosis, including chromatin condensation and 
DNA fragmentation, occur prior to cell death, consistent 
with previous studies [7,15,40]. Importantly, we show 
that yeast strains expressing the selected antiapoptotic 
genes (C. elegans ced-9, human bcl-2, chicken bcl-xl) do 
not exhibit apoptotic morphologies and do not die, un-
der conditions where wild-type yeast result in an apop-
totic-like death. 
Oxidative damage can cause cell death in aerobically 
growing cells by either apoptosis or necrosis, depend-
ing on the extent of cellular damage. The response of 
yeast when treated with ROS-generating agents is con-
sistent with this observation, as lower doses of H2O2 
or menadione resulted in a clear apoptotic morphol-
ogy (Figure 4) and subsequent death, neither of which 
occurred when either CED-9, Bcl-2, or Bcl-xL were 
expressed. Higher doses of ROS-generating reagents 
caused a necrotic-like death, as determined by vital 
stains and viability assays, where apoptotic-like fea-
tures were not observed. Transformed yeast were not 
protected under these conditions, suggesting that the 
death balance was tipped from apoptosis to necrosis 
with higher levels of these noxious agents. Further, all 
strains were equally susceptible to verapamil, an in-
ducer of necrosis, and there were no measurable fea-
tures of PCD observed in the dying cells. The specific-
ity of transgene protection was further demonstrated 
by expressing the mutant Bcl-2 Δ5-6, which exhibits a 
null phenotype with respect to cytoprotection in mam-
malian cells [33]. When Bcl-2 Δ5-6 was expressed in 
yeast, there was no protection against H2O2, menadi-
one, or heat at levels that induced apoptosis in wild-
type strains. 
It is known that Bcl-2 prevents many forms of pro-
grammed cell death. Previous work by Longo et al. 
[12] has shown that yeast cells harboring Bcl-2 have en-
hanced survival ability. Under stationery phase death 
conditions, yeast cells expressing Bcl-2 live considerably 
longer than wild-type strains. Yeast strains defective in 
antioxidant protection by deletion of the superoxide dis-
mutase gene exhibit growth and survival deficiencies, 
which are substantially improved by Bcl-2 expression. 
Bcl-2 also provides cytoprotection from H2O2 and mena-
dione-induced oxidative death in animals [4 1-43]. We 
now can extend these observations to yeast. To directly 
assess the formation of reactive oxygen metabolites dur-
ing cell death, intracellular ROS levels were measured 
using a cell-permeant oxidant-sensitive probe DCFH-
DA. Our observations in these studies are concordant 
with previous studies [41], where Bcl-2 did not block 
free radical generation but did prevent ROS-mediated 
PCD. However, to our knowledge, CED-9 has not been 
associated with ROS. Because human Bcl-2 can function-
ally substitute for CED-9 in C. elegans, our observations 
are consistent with the ability of Bcl-2 gene family mem-
bers to functionally overlap. Whether CED-9 has a func-
tional role in ameliorating oxidative stress in the worm 
is not known. 
Oxidative stress also occurs during heat-induced 
cell death in yeast and mammals [36,44,45]. When ex-
posed to heat stress conditions, the levels of ROS pro-
duction also increased in both transgenic and control 
yeast but only resulted in death of wild-type yeast cells 
(Figure 1). Yeast heat-shock protein 104 (Hsp104) is 
specifically induced by heat stress and appears to be 
the major yeast Hsp involved in the acquisition of ther-
motolerance [46]. Hsp104 is strongly induced by 37°C 
heat shock [46], resulting in partial protection of yeast 
stains subsequently exposed to high temperatures (30 
min, 50°C). However, yeast-expressing antiapoptotic 
proteins were protected to a greater extent (higher fre-
quencies) and tolerated longer heat exposures (Figure 
3). This enhancement of protection was dependent 
upon the presence of Hsp104, as Hsp104 null mutants 
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harboring antiapoptotic genes were not thermotolerant 
and responded similarly to the nontransformed dele-
tion mutant (data not shown). Thus, it is reasonable to 
suggest that CED-9, Bcl-2, and Bcl-xL function in an 
antioxidant pathway to prevent cell death from lethal 
heat stress by positively cooperating (directly or indi-
rectly) with Hsp104. 
The counter-intuitive notion that apoptosis occurs 
in unicellular yeast has been discussed [47, and ref-
erences therein]. A number of recent reports indicate 
that apoptotic-like phenotypes occur in S. cerevisiae 
[15], and, as with bacteria and fission yeast, suicide is 
reconciled as a population effect, where the cell sacri-
fices itself for the betterment and maintenance of the 
whole. Expression of animal proapoptotic genes (e.g., 
bax, bak, ced-4) results in yeast cell death that, morpho-
logically, is consistent with apoptosis. In addition, S. 
cerevisiae harboring a cell cycle mutation (cdc48) also 
displays several characteristic morphological features 
of apoptosis [48]. Based on these, as well as our own 
studies, yeast appear to exhibit a number of markers 
of apoptosis, including condensation of chromatin, 
fragmentation of DNA, and exposure of phosphatidly-
serine to the external region of the plasma membrane. 
Using DAPI and TUNEL reactions to stain yeast nuclei, 
we observed distinct chromatin condensation coinci-
dent with DNA fragmentation, especially in samples 
treated with hydrogen peroxide or menadione (Figure 
4). With the enhanced capability of high density digital 
image capture and contrast enhancement, we resolved 
subnuclear DNA structures consistent with the early 
stages of formation of apoptotic bodies. Again, these 
data draw parallels to observations of PCD in animal 
cells where the defining characteristics include nuclear 
pyknosis and DNA fragmentation. These parallels are 
significantly furthered by the recent report that yeast 
cells harbor a cysteine protease distantly related to 
mammalian caspases, designated metacaspases [49]. 
The yeast metacaspase not only has structural, but also 
functional homology to mammalian caspases. When 
yeast are treated with H2O2 to undergo apoptosis, a 
caspase-like proteolytic activity is activated. When 
this gene is inactivated by disruption, apoptosis does 
not occur. Overexpression of the yeast metacaspase in-
duces apoptosis. This enzyme is also involved in regu-
lating the death process in aging yeast cultures. 
In all of these studies, we could not observe DNA 
laddering, although such laddering is not essential for 
apoptosis to occur in mammalian cells. In addition, S. 
cerevisiae chromatin structure has been reported to have 
little or no linker DNA between nucleosomes, which 
would preclude ladder formation [49]. The ability of 
yeast to die in an apoptotic-like manner is consistent 
with the idea that programmed cell death was in place 
before the divergence of yeast and metazoans. 
Expression of proapoptotic genes (e.g., bax, bak, ced-
4) can induce cell death in yeast that can be rescued by 
antiapoptotic gene expression [16,17,20,23,33]. Because 
foreign gene expression can nonspecifically induce cell 
death, it is not clear whether inhibition of cell death in-
volves a specific apoptotic process or rather only non-
specific inhibition (e.g., Bax-Bcl-2 dimerization). Our 
results demonstrate a clear cytoprotective effect for 
CED-9, Bcl-2, and Bcl-xL in the absence of Bax or any 
other proapoptotic gene. Because we imposed condi-
tions of physiological duress, these data suggest that a 
bona fide cell death program occurs in yeast. Moreover, 
the antideath activity associated with expression of the 
transgenes correlates to the absence of apoptotic fea-
tures (DNA fragmentation), which we readily observe 
in wild-type cells prior to cell death. 
These data also support the use of yeast as a high 
throughput heterologous system for screening and 
identifying functionally relevant genes of interest that 
regulate apoptosis [50]. This approach is particularly 
useful in situations where functional screens are not ex-
perimentally well developed (e.g., plants) [27,51-53]. For 
example, we recently reported that expression of ani-
mal antiapoptotic genes (e.g., Bcl-xL, CED-9, Op-IAP) 
in tobacco plants confers heritable resistance to several 
necrotrophic fungal and viral pathogens [54]. Because 
ROS generation is commonly associated with disease 
development and host resistance [55,56], yeast may 
prove to be an attractive system to identify candidate 
plant genes with the functional ability to modulate plant 
cell death generated by ROS. 
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CFU colony forming units 
DAPI diaminophenylindole 
DCFH-DA 5,6, carboxy-2’,7’-dichlorofluorescin-diacetate 
DCF-2’,7’ dichlorofluorescein 
FITC fluoroscene isothiocyanate 
H2O2 hydrogen peroxide 
Hsp heat-shock protein 
O2• superoxide anion 
OH• hydroxyl radical 
PBS phosphate-buffered saline 
ROS reactive oxygen species 
SD synthetic dropout 
TUNEL terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling 
